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Abstract—Water vapor, aminor constituent of the earth’s atmos-
phere, plays a major role in the radiation budget and the water
cycle with important implications for weather and climate. Due
to the heterogeneous distribution of its sources, evaporation, and
sinks, condensation and precipitation, and due to the complexity of
atmospheric motion and mixing, its distribution in the atmosphere
is highly variable. Despite the high relevance of this trace gas, its
variability challenges accurate measurements of its concentration.
Advanced airborne lidar instruments aid to better observe water
vapor and its transport in the atmosphere, in view of an improved
understanding of atmospheric processes that are key to weather
and climate research. The combination of a water vapor differen-
tial absorption lidar and a heterodyne detectionDopplerwind lidar
on an aircraft is new and allows to measure vertical profiles of the
latent heat flux in a convective boundary layer and to portray the
small- to large-scale humidity transport and variability along the
aircraft flight track with high accuracy and spatial resolution.
Index Terms—Airborne lidar, boundary layer, differential ab-
sorption, latent heat flux, water vapor transport.
I. INTRODUCTION
W ATER vapor is routinely measured at surface stations,with the global radiosonde network and with satellite
sensors. The radiosondes’ accuracy is sufficient in the lower and
middle troposphere, but the representativeness of the one-di-
mensional vertical profiles is poor. Furthermore, few data are
collected over the oceans, at high latitudes, and in the southern
hemisphere. In these regions, and in the upper troposphere, pas-
sive satellite spectrometers partly fill the observational gap, but
with coarse spatial resolution. Better accuracy and resolution
is obtained by active, optical lidar remote sensing. Since 1987
the lidar group of the DLR institute for atmospheric physics de-
velops airborne water vapor lidars. Participation in numerous
field experiments helped characterize the distribution of water
vapor in the frame of case studies dedicated to specific physical
and meteorological processes. A recent innovative highlight is
the co-deployment of a newly developed water vapor and a wind
lidar onboard the DLR Falcon research aircraft (Fig. 1; Table I).
The differential absorption lidar (DIAL) method uses the dif-
ference of atmospheric backscatter signals from a laser emit-
ting on a molecular absorption line, and a non-absorbed
off-line reference laser. The signal difference is proportional to
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Fig. 1. DLR Falcon research aircraft with sketch of wind (pink) and water
vapor (orange) lidar beams. The wind lidar can be operated either in conical
scanning mode for measurements of the three-dimensional wind vector, or in
nadir viewing mode for vertical wind velocity profiles.
TABLE I
MAIN CHARACTERISTICS OF AIRBORNE WATER VAPOR DIFFERENTIAL
ABSORPTION LIDAR (DIAL) AND DOPPLER WIND LIDAR
the molecule density in air. The DLR DIAL has two laser
transmitters, each based on an injection-seeded optical para-
metric oscillator (OPO) pumped by the second harmonic of
a Q-switched, diode-pumped single-mode Nd:YAG laser at a
pulse repetition frequency (PRF) of 100 Hz [1]. The OPO is op-
timized to operate in the spectral region between 920–950 nm at
an average output pulse energy of 40 mJ (Table I). Each trans-
mitter outputs two spectrally narrow pulses, yielding in total
four pulses (each 50 Hz, 40 mJ) at different wavelengths to
probe four water vapor absorption lines of different strength.
This allows obtaining vertical profiles throughout the tropo-
sphere and the lower stratosphere, layers in which the water
vapor concentrations can vary over four orders of magnitude.
The wind lidar uses the Doppler Effect along the line-of-sight
of the laser beam. It is operated either in conical-scanning mode
1939-1404/$31.00 © 2013 IEEE
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Fig. 2. Airborne water vapor lidar measurements over complex terrain in Southwest Germany, on 30 July 2007 at noon. Blue represents dry air above, yellow
and red show humid air within the convective boundary layer (CBL). The of the data curtains is 150 km 4 km. The topographic heights range
from 150 m to 1500 m. Interruptions are due to scattered fair-weather clouds at the CBL top.
with 20 off-nadir angle for 3-d wind field profiles, or in nadir-
viewing mode for vertical wind speed profiles beneath the air-
craft flight track. Examples for both measurement modes are
given in the following two sections.
II. VERTICAL WATER VAPOR TRANSPORT, LATENT HEAT FLUX
Evaporation over land and especially over complex, moun-
tainous terrain can be very heterogeneous on small scales that
are both under-sampled by observations, and un-resolved by nu-
merical weather prediction (NWP) models. Over a land surface
heated by solar irradiation, a convective boundary layer (CBL)
develops, typically reaching heights of 1 – 2 km above ground
in the afternoon. The buoyancy of warm air parcels transports
the humidity vertically away from its surface sources. Cloud
condensation at the boundary layer top, and subsequent cloud
growth with occasionally heavy precipitation may occur. Ob-
servational and modeling deficits due to the heterogeneity of
surface and atmospheric moisture are main reasons why numer-
ical weather prediction (NWP) models often fail to accurately
forecast the precipitation in the warm season, even though evap-
oration and subsequent humidity transport are key elements of
the hydrological cycle.
Consequently, a field experiment called “Convective and
Orographically-induced Precipitation Study” (COPS) was
conducted in July 2007 over the Black Forest low-mountains
in south-western Germany, with the participation of the DLR
Falcon aircraft. Fig. 2 exemplarily shows two-dimensional
vertical cross-sections of humidity beneath the aircraft along
the flight track. This kind of data gives a decisive advantage
over conventional one-dimensional “in-situ” measurements,
particularly in this heterogeneous situation, where e.g., higher
humidity is observed in the Rhine valley. One of the main
goals of the DLR Falcon was to measure the vertical humidity
transport within the CBL over the Rhine valley and the Black
Forest on days when thunderstorms, mainly influenced by the
orography and surface humidity, were forecasted [2].
Fig. 3 gives an overview of the lidar measurements of aerosol
backscatter, vertical velocity, and humidity. The DIAL offline
signals’ backscatter intensity displays the CBL complexity and
the clouds forming at the CBL top (black). The backscatter con-
trast with the free troposphere above provides a precise indica-
tion of the instantaneous, irregular CBL top. The Doppler wind
lidar profiles accurately reproduce the convective up- and down-
drafts of varying size and strength. There is no vertical wind in
the free troposphere above the CBL. The DIAL humidity plot
shows the contrast between the CBL with over this
flight leg and the above drier free troposphere at water
vapor mass mixing ratio. White areas are gaps due to clouds
shadowing the lidar signals.
From the lidar-sensed wind and water vapor fluctuations in
the convective boundary layer, a representative area-averaged
latent heat flux profile is obtained by the eddy-covariance tech-
nique [2]: humid updrafts, as well as dry downdrafts, produce
a net upward-directed transport of moisture, i.e., a positive flux
of latent heat, as was observed here in this case. What is latent
heat? The liquid phase of water has strong intermolecular bonds.
Evaporation, the transition to the gas phase, requires a con-
siderable amount of energy to free these bonds. This energy is
called latent heat: Heat is released when water vapor condenses
into clouds or onto surfaces, and cools the air when condensate
(cloud or rain droplets) evaporates. A significant portion of the
energy in extreme weather events such as fronts, thunderstorms
and cyclones is provided by the latent heat released when the
associated large clouds form and grow.
In Fig. 3, a few strong thermals, well visible in the vertical ve-
locity profiles, appear responsible for most of the flux. Their lo-
cations are not generally found above “hot spots” as one would
expect, because horizontal winds may shift and blur the patterns
of surface hot spots. Similarly, the variability of vertical wind,
moisture and the CBL top seems unrelated to surface features
such as the city of Strasbourg overflown close to 48.6 . Fig. 3
finally shows that the separation of atmospheric variability, sur-
face influences and turbulent transport is not straightforward.
Nevertheless, the lidars’ spatial, horizontal and vertical resolu-
tion is 200 m, is found to be sufficient to resolve the dominant
contributions to the flux of latent heat, since co-spectra of the hu-
midity and vertical velocity measurements show a distinct peak
at wavelengths between 1 and 4 km, which indicates that the rel-
evant contributions to the net flux occur on these spatial scales.
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The lidar-derived latent heat fluxes over the region of
Fig. 3 and the mountains displayed in Fig. 2 vary between
100–500 . The meteorological interpretation is that
these positive fluxes moistened the growing CBL by upward
transport of humidity from surface evaporation due to pre-
vious days’ rain. They were however too low to generate the
thunderstorms that had been predicted to occur with small
probability on this particular day. To conclude, the unique,
airborne double-lidar instrumentation proves to be a valuable
new tool for the study of various important CBL processes.
III. HORIZONTAL WATER VAPOR TRANSPORT
In the mid-latitudes between 30 and 60 , cyclones effec-
tively remove energy differences between polar and subtropical
areas as a result of differing solar radiation by transporting moist
and warm air pole-ward and cold and dry air equator-ward. Typ-
ically, the polar and subtropical air masses are separated by a
narrow band in the mid-latitudes possessing a sharp meridional
temperature change. Along this frontal zone, low pressure sys-
tems evolve that transport air horizontally and vertically, gen-
erating cloud development and precipitation. Due to the minor
depth of the layer where weather happens, the troposphere (0–12
km), most atmospheric transport processes can be considered
quasi-horizontal. Advanced observation techniques like lidar
are required to observe the water vapor transport in low pressure
systems. Besides the understanding of the physical processes,
the verification of model simulations by independent observa-
tions helps pinpointing insufficiencies in current NWP models.
Fig. 4 shows an example from the COPS field experiment to
highlight the value of high resolution lidar data to observe the
highly-complex three-dimensional transport of moisture in the
surrounding of a low pressure system. The curtain-like two-di-
mensional cross section represents a snapshot of the water vapor
transport, determined by the product of wind velocity and water
vapor concentration, and reveals an up to 6 km deep layer of en-
hanced water vapor transport in the warm sector of the cyclone
[3].
Maximum values occur on the most western part of the flight
facing the cold front, where increased wind speeds and water
vapor concentrations coincide. Nicely, the strong horizontal gra-
dients of the moisture transport at the warm front show a tilting
with height, coming along with the northeastward ascending
air masses (red dashed lines along the lidar cross section). The
tilting is observed on both overpasses of the warm front. Red
arrows denote the up-gliding of the warm and moist air above
the colder air to the north. In contrast, in the north-eastern part
the horizontal transport in the boundary layer is weak.
Fig. 4(b) shows the same scenery from a northwestern per-
spective. The increased transport on the western side that ex-
tends upward along the tilted warm front is clearly visible. The
figure also displays trajectories that describe the pathways of
the observed air parcels in space and time. Shown are the path-
ways up to 2.5 days in advance and up to 1.5 days after the lidar
observation. The trajectories were calculated using NWP wind
data. The strong moisture transport clearly originates from the
southwest. Air in the lower troposphere is humidified over the
Atlantic and the Mediterranean by evaporation and subsequent
vertical transport in the boundary layer. These air masses con-
verge over southeastern Europe. The developing cyclone incor-
porates and transports the moisture northeastward towards the
flight path. Many air parcels slightly ascend towards the lidar
cross section and further up until they reach the upper tropo-
sphere ( ) 1.5 days after being observed by the lidar. An
in-depth discussion of this case study and a comparison with
NWP data is found in [3].
The measurement results demonstrate that the airborne lidar
instruments are able tomap the clear-air transport of water vapor
into cyclones that is known to play a key role in the structure, in-
tensity, and further evolution of cyclones. The latent heat release
is expected to amplify cyclones, and also to affect the upper-
level wind fields which control the weather development further
downstream. This emphasizes the importance of a correct repre-
sentation of moisture for improving the quality of weather fore-
casts. Further studies show that the lidar observations are useful
for diagnosing NWP model errors which result from either in-
correct horizontal or vertical transport of moisture or from in-
sufficiently represented evaporation in moisture source regions.
IV. CONCLUSION AND DISCUSSION
Accurate water vapor measurements are sparse and chal-
lenging because of the high variability of its sources in space
and time, and because of the complexity of atmospheric motion
and mixing. Advanced airborne water vapor observations are,
as shown, valuable for addressing relevant issues of current
research in atmospheric water vapor and transport. Previous
inter-comparison studies with other instruments have shown
that the DLR DIAL water vapor profiles are highly accurate
throughout the troposphere and also in the lower stratosphere
[4], [5].
There is an increasing demand for improved measurements,
for example in the upper troposphere in regions with ice super-
saturation, where persistent cirrus clouds may form from con-
trails after the passage of an aircraft. Here, measurements of
the relative humidity are important. This implies having simul-
taneous information on temperature from NWP data or auxil-
iary measurements. A combined water vapor and temperature
lidar would be a future challenging task, as temperature pro-
filing by lidar is basically possible yet still subject to high detec-
tion noise, which necessitates long averaging periods and con-
sequently means coarse spatial resolution.
Fig. 5 shows the various and manifold interactions of water
vapor in the earth’s atmosphere. Water vapor in the lower tro-
posphere is particularly relevant for weather, while in the upper
troposphere and the stratosphere it is particularly relevant for
climate, where, after vertical transport from the surface sources,
it strongly influences Earth’s radiation budget. Consequently,
understanding the transport and distribution of atmospheric hu-
midity and the processes that control it is of primary importance
to improve both climate research and weather prediction.
New instrument developments such as multi-wavelength
and combined lidar will, on board the new German HALO
(high-altitude long-range) research aircraft, advance the sci-
ence, building on the knowledge gained in the above-mentioned
experiments. Foreseen is e.g., the simultaneous integration of
ozone and water vapor lidars to study exchange processes of air
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Fig. 3. Aerosol backscatter intensity (in arbitrary units; top), vertical motion (updrafts positive; middle), and humidity (bottom) above the Rhine Valley on 30 July
2007 at about local noon. The boundary layer is characterized by strong lidar backscatter intensity (green and red) due to aerosols lifted from the surface. Weak
backscatter and less humidity (blue) typify the free troposphere above. Since the relative humidity increases with height in the boundary layer, the backscatter
intensity increases due to swelling of aerosols, and scattered fair-weather cumulus clouds (black) form at the boundary layer top. The average boundary layer depth
is in this case. The aspect ratio is 1:4, i.e., natural slopes and structures are squeezed horizontally. Convection, clouds, and surface influences produce an
irregularly-structured boundary layer.
Fig. 4. Airborne observations of water vapor transport on 1 August 2007 from combined water vapor and wind lidars. Perspective from the south (a) and from
northwest (b), indicated by the yellow arrow in (a). The aircraft flew along the thin red line. The curtain-like 2-dimensional cross-sections exemplify the transport
of water vapor beneath the aircraft flight track. Blue represents weak transport; yellow and red mean strong transport. Thin black contour lines on the map show
the surface pressure [hPa]. The thick blue and red lines depict the location of the surface cold and warm front, respectively. The dashed red lines show the vertical
extension of the warm front along the lidar curtain. In addition, (b) shows selected trajectories of air parcels with the maximum observed water vapor transport.
Their colors indicate the altitude of the parcels for 2.5 days in advance and 1.5 days after the flight. Data gaps are black.
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Fig. 5. Interactions of water vapor with components of the climate system. The hydrological cycle is sketched on the left. The figure is taken from [6] where more
details can be found.
masses between troposphere and stratosphere. The tropopause
region is very sensitive in the context of climate change due
to complex feedback mechanisms between these radiation-ab-
sorbing trace gases, ice clouds, and atmospheric circulations.
Last but not least, planned satellite missions to measure wind
(ESA’s Atmospheric Dynamics Mission), aerosols (ESA’s
EarthCare mission) or water vapor (ESA WALES: Water vapor
Lidar Experiment in Space) can optimally be prepared and
validated with airborne lidars.
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